Introduction
The magnetopause constitutes the outer frontier defense of the magnetosphere. The border is not completely closed but the entry of the solar wind energy is restricted and regulated by the so-called reconnection process (Dungey, 1961; Paschmann, 1979) . Ever since the magnetopause first was suggested to exist (Chapman and Ferraro, 1931) and even more since the first in situ observations where made (e.g. Sonett et al., 1959) , there has been a huge interest in revealing its secrets. Numerous studies are devoted to describe, an-Correspondence to: G. Stenberg (gabriella@irfu.se) alyze and model the structure and dynamics of this complex boundary.
Lately small-scale structures have received increased attention. The reconnection sites (diffusion regions), where the ion and electron motions are decoupled and the conversion of magnetic energy to particle energy takes place, are the heart of reconnection. Today, computer simulations and spacecraft observations are beginning to resolve the fine-structure involved (e.g. Vaivads et al., 2004a; Onofri et al., 2004; Retinò et al., 2006 and Mozer, 2005) . Multi-spacecraft missions, such as Cluster (Escoubet et al., 1997; , offer the opportunity to resolve the spatial-temporal ambiguity associated with single spacecraft measurements and allow us to determine the scale lengths of spatial structures.
Fascinating micro-physics are not only restricted to the reconnection sites. Thin electron-scale layers presumably associated with the separatrices are reported far away from the diffusion regions (e.g. André et al., 2004; Vaivads et al., 2004b and Retinò et al., 2006) . Stenberg et al. (2005) show that whistler mode waves observed in the boundary layer on the magnetospheric side of the magnetopause are generated in thin (electron-scale) sheets. Furthermore, they suggest that although the sheets of whistler waves are observed thousands of kilometers from the magnetopause, they are still directly related to the diffusion region. As an inherent property of the near-magnetopause region, the thin layers with whistler mode waves and other small-scale structures may be the key to understanding the larger scale phenomena. They may also provide means of monitoring the micro-physics at the reconnection site at large distances.
Whistler-mode waves have been observed by a number of spacecraft in the outer parts of of the magnetosphere. Electromagnetic waves in a broad frequency range are reported Published by Copernicus Publications on behalf of the European Geosciences Union. Fig. 1 . The top panel shows the probe-to-spacecraft potential, which can be used to estimate the density. The increase in density associated with the magnetopause crossing in clearly seen at 06:29:10 UT. Frequency-time spectrograms of the electric and magnetic wave fields (from EFW and STAFF-SC) are presented in panels (B) and (C). The artificial looking regularly spaced signatures in panel C as well as the regularly spaced small dips in panel (A) are due to the active mode of the WHISPER instrument. Electron flux versus energy and time (from PEACE) for pitch angles 0 • , 90 • and 180 • are displayed in the three bottom panels. During the two minutes of intense wave activity preceding the magnetopause crossing there is a mixture of cold (∼100 eV) magnetosheath electrons and hot (∼1 keV) magnetospheric electrons. All data are from Cluster 2. from regions close to the magnetopause, in the outer cusp or in association with the bowshock by, e.g., Smith et al. (1967) (OGO-1); Olson et al. (1969) (OGO-3); Rodriguez and Gurnett (1975) (Imp-6); Tsurutani and Smith (1977) (OGO-5); Gurnett et al., 1979 (ISEE 1 and 2) ; LaBelle and Treumann (1988) (AMPTE/IRM); Zhang et al. (1998) (Geotail) ; Pickett et al. (1999) (Polar) and Maksimovic et al. (2001) (Cluster) .
In this paper we examine the whistler wave-sheets reported by Stenberg et al. (2005) in closer detail. In particular, we determine the extension of these sheets in all three spatial dimensions and we investigate the internal structure of the presumed wave generating regions. We reveal that the whistler wave source regions are characterized by current structures moving at the whistler wave group velocity in the same direction as the waves themselves. We estimate the size (perpendicular to the background magnetic field) of these structures to be about or less than 20 km, which corresponds to about 6 electron inertial lengths (c/ω pe ). Simultaneously, our analysis suggests that the whistler wave emitting regions extend several Earth radii along the magnetic field lines.
Data
The four formation-flying Cluster spacecraft recorded the data used in this study. The satellite orbits are polar with a perigee of 4 Earth radii (R E ) and an apogee of 19.6 R E . Close to the magnetopause the satellites form almost a tetrahedron. The spacecraft separation, which changes during the mission is 600 km and 100 km, respectively, for the two events considered below. The spacecraft are spin-stabilized with a spin period of 4 s and the instrumentation is identical on all four of them (Escoubet et al., 1997; .
Data from six of the Cluster instruments are used in this study. The electric field experiment (EFW) (Gustafsson et al., 1997) and the search coil magnetometer (STAFF-SC) (Cornilleau-Wehrlin et al., 1997; Cornilleau-Wehrlin et al., 2003) provide time series wave field data. STAFF-SC measures three orthogonal magnetic wave field components, while EFW records two orthogonal electric field components in the satellite spin plane. Both instruments are run in burst mode, i.e., with a sampling rate of 450 samples/second, during both the events considered. The wave field signals are low pass filtered with a cutoff frequency of 180 Hz. We still choose to show data in all the spectrograms up to the Nyquist frequency (225 Hz), even if there is a small effect of the filter on both the wave amplitude and the phase above 180 Hz.
In addition, the STAFF Spectrum Analyser (STAFF-SA) gives electric and magnetic wave field spectral data in the frequency range 64 Hz-4 kHz. The WHISPER instrument (Décréau et al., 1997) captures electric wave field emissions in the frequency range 4-80 kHz, and provides a way of determining the plasma density from observations of the electron plasma frequency.
The particle environment is investigated using the electron experiment PEACE (Johnstone et al., 1997) and the ion instrument CIS/CODIF (Rème et al., 1997) . Both instruments can measure a 3-D distribution each spin period. CIS data are also used to estimate the plasma drift velocity.
We also use high resolution data (67.2 vectors/s) from the fluxgate magnetometer (FGM) (Balogh et al., 1997) to transform magnetic wave field data into a background magnetic field oriented coordinate system.
Boundary layer whistlers
An outbound magnetopause crossing is generally preceded by a passage through a boundary layer, presenting plasma populations of different origins (Eastman et al., 1976) . The nature of the boundary layer depends on the latitude and the magnetic local time as well as solar wind and interplanetary magnetic field conditions (Haerendel et al., 1978) .
The scene of action for the events to be discussed in this paper is a several thousand kilometer thick boundary layer characterized by a mixture of magnetospheric and magnetosheath plasma. The thickness of the boundary layer is estimated from the time the spacecraft spend in the layer and the magnetopause velocity. The magnetopause passes the different spacecraft at different times, which allow us to calculate its velocity to about 100 km/s. With a transit time through the boundary layer of about two minutes we arrive at a thickness of 12 000 km. In the case that the magnetopause is flapping back and forth during the two minutes, the thickness is overestimated.
The study is based on two events; the first is introduced in Fig. 1 . The observations are made by the Cluster spacecraft close to magnetic noon (13:24 MLT) at fairly high latitude (GSE: x=4.4 R E , y=5.7 R E , z=9.1 R E ) on 7 February 2001. The top panel presents the negative of the probe-to-spacecraft potential. This quantity varies as the density, where a less negative value (closer to zero in panel A) corresponds to a higher density (Pedersen et al., 2001 ). An outbound (magnetosphere to magnetosheath) magnetopause crossing is seen as a sharp gradient at 06:29:10 UT, where the density suddenly increases.
The middle panels show the electric and magnetic frequency-time spectrograms revealing substantial electromagnetic wave activity in the frequency range 100-200 Hz during two minutes prior to the crossing. The electron plasma frequency (from WHISPER) is 7.5 kHz and the background magnetic field strength, B 0 , (from FGM) is about 20 nT (GSE: B 0x =−14 nT, B 0y =−14 nT, B 0z =5 nT), giving an electron gyrofrequency of 560 Hz. Assuming a protonelectron plasma the lower-hybrid frequency can be estimated to about 13 Hz. Hence, the observed electromagnetic waves are within the whistler mode frequency range, above the lower-hybrid frequency and below both the electron gyrofrequency and the plasma frequency. We note that the emissions show a striped pattern, that is, they seem narrow in time and broad in frequency. The high-frequency part of the emis- The bottom panels expose the characteristics of the boundary layer: hot (∼1 keV) magnetospheric electrons mixed with colder (∼100 eV) electrons originating from the magnetosheath. The three panels display electron flux versus energy and time for the pitch angles 0 • , 90 • and 180 • .
The second event we consider is an outbound magnetopause crossing, recorded on 2 March 2002. This event is extensively presented in Stenberg et al. (2005) , and at first sight very similar to the event just discussed; waves in the whistler-mode frequency range are detected within a boundary region on the magnetospheric side of the magnetopause boundary. The particle data reveal a mixture of magnetospheric and magnetosheath plasma. The reader is referred to Stenberg et al. (2005) for details and figures corresponding to Fig. 1 .
Comparing boundary layer whistlers and chorus
Approaching the magnetopause we observe a change not only in the the particle distributions but also in the character of the wave emissions. The structure of the waves reveal the entry into the boundary layer. For example, fine-structured whistler waves are intermittently observed for at least half an hour preceding the magnetopause crossing on 7 February 2001, this is, long before the spacecraft enter the boundary layer. Panel A in Fig. 2 presents an example of such whistler mode waves detected before the Cluster spacecraft encounter the boundary layer. Although close to the Nyquist frequency at 225 Hz, the fine-structure of the emission is evident. We believe that these waves are chorus (e.g. Burtis and Helliwell, 1976) generated either close to the equatorial plane or in magnetic field minima at higher latitudes (Tsurutani and Smith, 1977) . Chorus waves propagate along the magnetic field lines and can sometimes be reflected at lower altitudes and travel back toward the region of generation (Parrot et al., 2004) .
The structure of the chorus emissions should be compared with that of the whistler emissions displayed in panel B. While the chorus emission is observed on closed field lines well inside the magnetosphere, the latter whistlers are observed in the boundary layer just inside the magnetopause. The boundary layer whistlers differ from the chorus emissions in several ways. While the chorus waves appear as emissions well separated and almost regularly spaced in time, the boundary layer whistlers are more irregular. Also, chorus emissions always show time dispersion, either as risers (lowest frequencies recorded first, higher frequencies later) or fallers (the other way around). Although not very clearly seen, the strongest chorus elements in panel A are risers. The boundary layer whistlers, on the other hand, may show time dispersion (e.g., at 06:28:05 UT) but are most often non-dispersive (e.g., at 06:28:10 UT). Another outstanding feature of the boundary layer whistlers is the extremely narrow-in-time but broad-banded feature extending all the way from the lowest frequencies up to the main whistler emission above 100 Hz. This feature, which is nicely illustrated in panel B at 06:28:10 UT, plays a key role in this paper and we will return to this later.
We conclude that two types of fine-structured whistlers in the same frequency range are present in the nearmagnetopause region. Chorus emissions are observed on field lines with magnetospheric plasma only, while the boundary layer houses whistlers showing a slightly striped pattern in the spectrogram. The remaining sections of this paper are devoted to the latter type.
Wave properties and generation regions
We begin our exploration of the boundary layer whistler mode waves by taking a closer look at the emissions associated with the magnetopause crossing at 7 February 2001 ( Fig. 1) . Based on the electromagnetic nature and the frequency range in which the waves are observed, we have already concluded that the observed emissions are whistler mode waves. A hodogram (not shown) confirms the expected right-handed polarization and a Poynting flux calculation ( Fig. 3 , panel A) shows that the whistlers propagate parallel to the background magnetic field. Panel B in Fig. 3 presents an estimate of the whistler wave phase velocity provided by the ratio E/B, yielding ≈10 7 m/s. At 100 Hz this corresponds to a wavelength of 100 km. We note that a corresponding analysis for the March 2-event is performed in Stenberg et al. (2005) , where the parallel wavelength is found to be about 50-200 km at 100 Hz. In that case the whistler waves instead propagates anti-parallel to the ambient magnetic field.
A feature of boundary layer whistlers, already mentioned in Sect. 4, is occasionally occurring broadbanded signatures extending to very low frequencies. One such case is evident in Fig. 2, panel B . We focus on the single stripe at 06:28:10 UT associated with a clear low frequency signature that extends (in frequency) all the way up to the whistler emission. An enlargement of this detail is shown in panel A of Fig. 4 .
To understand this structure we examine the wave vector (k) direction by applying Means' method (Means, 1972) . We use a magnetic field oriented coordinate system with the zaxis along B 0 . The direction of k is specified by the polar angle, θ, (the angle between k and B 0 ) and the azimuthal angle, φ, (the angle in the plane perpendicular to B 0 ). In Fig. 4 (panel B) the polar angle versus time and frequency is presented. For clarity all time-frequency bins with a spectral density below 8×10 −7 nT 2 /Hz or a polar angle outside the interval 0-90 • are removed. The analysis does not distinguish between k and −k and we invoke the Poynting flux calculation (Fig. 3 ) to remove this ambiguity. We conclude that the waves propagate almost parallel to B 0 in a 30 • wide cone.
In panel C the direction of the wave vector in the plane perpendicular to B 0 is plotted versus time and frequency. As in the previous panel all time-frequency bins with a spectral density below 8×10 −7 nT 2 /Hz are removed for clarity. We see a clear shift of the wave vector direction in the middle of the wave emission coinciding with the signal at lower frequencies.
The local plasma drift, v drift , is estimated from the ion drift (CIS/CODIF) and E×B (EFW and FGM). The components in the magnetic field oriented coordinate system are v drift,x =± 40 km/s, v drift,y =100-200 km/s, v drift,z =0-150 km/s. The situation is outlined in Fig. 5 . It depicts a small-scale structure, in which wave generation occurs, that passes the spacecraft. The waves are assumed to propagate out from the generation region. Hence, prior to the passing of such a region the spacecraft will observe waves approaching from one direction (blue arrows), while after the region has passed the waves would reach the spacecraft from the opposite direction (yellow arrows). Thus, we interpret the observations as a wave-generating spatial structure passing the spacecraft with the plasma drift velocity. We conclude that such a generation region is recognized by a shift in the wave vector azimuthal angle, but also by a simultaneous narrow (in time) low frequency emission. During the two-minute long wave emission there are additional examples of sudden and distinct changes in the azimuthal wave vector component, all coinciding with low frequency features. Thus, the low-frequency signatures appears to be markers of whistler wave generation and we will take a closer look at them in the next section. Equivalent shifts in the azimuthal angle coinciding with low-frequency waves are found also in the March 2-event (Stenberg et al., 2005) .
It should also be mentioned that in both of the discussed events the WHISPER instrument record waves in a broad frequency range around the local electron plasma frequency (4-24 kHz). These high frequency waves occur at the same times as the whistler-mode waves and hence the propagation properties and/or generation/damping processes are probably related. Simultaneous whistlers and electron plasma oscillations have previously been observed, e.g., in the solar wind by Kennel et al. (1980) . The WHISPER observations from the March 2-event are discussed in Canu et al. (2006) . Fig. 4. Panel (A) shows a detail of the wave emission presented in Fig. 2 (panel B) . We note the low frequency signature marked with a circle. Panels B and C present the results from the Means' analysis. The polar angle, θ is displayed in panel B. The wave propagate in a 30 • wide cone almost parallel to B 0 . The azimuthal angle, φ is plotted versus time and frequency in the bottom panel. Coinciding with the low frequency signature, there is a shift in the azimuthal wave vector direction. We interpret this as a generation region passing the spacecraft.
The low frequency signatures
As seen in Fig. 4 the region with low frequency waves is much smaller than the region where the whistler wave emission (>100 Hz) is detected. In the presented spectrogram the size of the structure is just a few pixels wide and the actual width cannot be determined from there. Instead, we consider the original time series data. To easily identify the structure we low pass filter the time series, removing frequencies above 50 Hz. Figure 6 presents the filtered time series of the three magnetic field components. It turns out that the broadbanded signature in the spectrogram is not a wave feature at all, but appears as a narrow gradient structure in the middle of the time interval shown. The amplitude of the structure is about 0.2 nT, which is same as the typical whistler-mode wave amplitude. No corresponding signature is seen in the electric wave field data (not shown). low-frequency signature, we find similar features: The time series data reveals not low frequency waves but instead magnetic field structures. Unfortunately, we cannot find a case where we are convinced that the same singular structure is seen by two different spacecraft. Hence, we have no means of determining the temporal and spatial characteristics of the structures. Fortunately, the second event we consider turns out to be a source of further knowledge. Fig. 7 . Time-frequency spectrograms for spacecraft C1 and C4 observed in the boundary layer about 1.5 min before an outbound magnetopause crossing. The magnetic wave field is recorded by STAFF-SC. The waves with frequencies >50 Hz are whistler mode waves. In the middle of the two panels a low frequency signature is seen (indicated by a circle in panel A). Figure 7 shows frequency-time spectrograms of the magnetic field observed by Cluster 1 (C1) and Cluster 4 (C4) on 2 March 2002, prior to an outbound magnetopause crossing at 03:31 UT. All data is recorded in a boundary layer, where both magnetospheric and magnetosheath plasma are present. We note the wave activity at whistler mode wave frequencies (>50 Hz) but also a low-frequency signature (marked by a circle in panel A), that seems to be seen by both spacecraft. As in the previously shown cases this signature coincides with a clear shift in the azimuthal wave vector component (Stenberg et al., 2005) .
Low-pass filtering the time series yields the result presented in Fig. 8 . The three magnetic wave field components are plotted versus time for the two spacecraft C1 and C4. The coordinate system used is background magnetic field oriented with the z-component along the ambient field. We see that there are several different magnetic structures present during the time interval shown. They are seen in all three field components and they all have about the same amplitude. In particular, we note that the parallel (z) component is no different from the perpendicular (x and y) components. Again, the amplitude of the structures is comparable to the whistler wave amplitude.
Although it is obvious that the same signatures truly are captured by both satellites, their appearance differ considerably between the spacecraft. Furthermore, there is a small time shift between the recordings, where C4 lags C1 with 0.01 s. It is worth mentioning that the sequence containing this type of magnetic structures is actually much longer. It starts at 03:29:24.7 UT and lasts for 3 s. The magnetic structures shown in Fig. 8 are typical and the time span is chosen to make the time shift between the spacecraft clearly visible.
To sort out the situation we notice that the two spacecraft are almost on the same magnetic field line, separated by 100 km along the field. Hence, for a signal to reach C4 0.01 seconds after being detected on C1 it must move with the speed 10 7 m/s anti-parallel to the field. This velocity is the group velocity of the whistler waves. We can then estimate the parallel size of magnetic step-like structures in Fig. 8 . Assuming a typical jump takes about 0.01 s the corresponding size is 100 km, which is about an ion inertial length (c/ω pi ).
The perpendicular size is likely to be of the order of the spacecraft separation, noting that the observations made by C1 and C4 are considerably different. The satellite separation perpendicular to the background magnetic field is 30 km.
We argue that the discovered magnetic step-like features are current structures moving together with the whistler waves at the group velocity and with a perpendicular size of 30-100 km (less than an ion inertial length). These features are commonly observed within or close to the regions where the whistler mode waves appear to be generated.
Size matters
Returning to an overview of the whistler wave emission recorded on 7 February 2001 ( Fig. 9 ), we proceed with estimating the three-dimensional size of the singular stripe-like whistler emissions. Figure 9 shows about 70 s of data. All four Cluster spacecraft observe whistler waves while crossing the boundary layer. A comparison between the emissions seen by the different satellites allows us to add new pieces of information.
We realize that although all panels show the similar striped wave emission character, it is not easy to identify the same structures on the different spacecraft. We concentrate on a few time intervals, where such an identification is possible.
Comparing Cluster 2 (C2) and Cluster 3 (C3) we find a sequence in the middle of the time interval shown, where the spacecraft appear to capture the same wave emissions. The roughly 12 s long sequence is indicated by a horizontal white line in the two panels. There is a timeshift of about two seconds between the observations, where C2 detects the emissions before C3 does. This time delay fits nicely with the estimates of the plasma drift velocity and the location of the spacecraft. Figure 10 presents the situation in the magnetic field oriented system used throughout the paper. The location of the four spacecraft is indicated as well as an estimate of the magnetopause normal. Note though that all spacecraft are well on the magnetospheric side of the boundary. The plasma drift is varying as indicated in Fig. 10 but is mainly in the y-direction. With a perpendicular distance of 400 km between C2 and C3 and an averaged plasma drift during the time period of 150 km/s, we would expect a time difference of a few seconds between the observations if the structures are fixed with respect to the plasma. In addition, each individual stripe seems to be about one second long in the timefrequency spectrograms. That means their physical size is about 150 km. The typical width of a stripe can be estimated from Figs. 2 and 4 . Hence, we conclude that the whistler wave emissions are 150 km wide, spatial regions moving with the background plasma. Furthermore, we conclude that the structures are preserved for at least a couple of seconds.
It should also be noted that neither C1 nor C4 observe these whistler wave structures. Thus, these wave regions move with the plasma from C2 to C3 without hitting the other two satellites. Hence, the dimension perpendicular to the drift velocity in the plane shown in Fig. 10 must be smaller than the spacecraft separation (≈600 km).
Next, we compare spacecraft C1 and C3. As seen from Fig. 10 , these two satellites are close to each other in the plane perpendicular to B 0 . C1 and C3 detect the same emissions on two occasions, one at the beginning and one towards the end of the time interval shown in Fig. 9 . These regions are marked with horizontal light blue lines in panels A and C. It is difficult to observe any time shift at all between the observations in either of the cases. This is not surprising considering the short distance between the spacecraft in the direction perpendicular to B 0 . With a plasma drift of 150 km/s the time difference would never exceed fractions of a second. Along B 0 the waves themselves propagate at a speed of 10 000 km/s and two satellites on the same field line separated by no more than 600 km will record the waves almost simultaneously. The observation confirms our conclusions from comparing C2 and C3.
We emphasize that we determine the width of the whistler emission structure in the direction parallel to v drift , but we have no means to directly measure the size perpendicular to the drift velocity. From the C2/C3 comparison can only say that it is less than 600 km. However, we also note that all the striped whistler wave emissions seem to have about the same size in the spectrogram. This implies that the structures are either almost symmetric in the plane perpendicular to B 0 , or they are oriented so that the minor/major axis is always parallel to the drift velocity. While some kind of ordering with respect to v drift is not impossible, we believe that the effect is mostly due to the fact that the structures are comparable in size in both directions perpendicular to B 0 . Figure 5 represents a compromise with one perpendicular dimension slightly larger and aligned perpendicular to the drift velocity.
The generation of the whistler mode waves probably takes place in smaller regions in the middle of the observed emissions, where also the current structures discussed in the previous section are found.
In summary, we believe that the regions in which the whistler waves are observed, as well as the presumably smaller generation regions within them, are tube-like structures. The regions, where waves are observed have a perpendicular size parallel to the drift velocity of about 100-200 km. The size perpendicular to drift velocity is most probably comparable to, but definitely less than, 600 km.
The third dimension: risers and fallers
The extension of the whistler mode wave stripes along the field lines still has to be estimated. This section will be devoted to that issue, and we will focus on the dispersive elements observed in the wave emission.
The accepted view of chorus (cf. Sect. 4) is that the rising and/or falling tones are created by the particular mechanism generating the waves (Helliwell, 1967) . This is in contrast to lightning-generated whistler waves in the ionosphere, where the observed time dispersion is due to a propagation effect, (e.g., Storey, 1953) . Boundary layer whistlers are observed not far from regions of chorus and they sometimes show a clear time dispersion. This is shown already in Fig. 2 . Another example of risers taken from the same event is displayed in Fig. 11 (panel A) . Whistlers in the boundary layer may also appear as fallers. Panel B in Fig. 11 shows such ation mechanism. However, the boundary layer whistlers observed on 7 February 2001 show a large number of sudden changes of the azimuthal component of the wave vector indicating that the satellites pass through several generation regions. In all these cases the whistler wave elements are non-dispersive. This speaks in favor of explaining the time dispersion of boundary layer whistlers as a propagation effect. To investigate if it is possible that the risers and fallers observed in the boundary layer are due to propagation effects we investigate the wave properties using the dispersion solver WHAMP (Rönnmark, 1982) . The plasmas observed in the two events shown in Fig. 11 are modelled as presented in Table 1 . For the risers' event we use a plasma density of 0.7 cm −3 and a background magnetic field of 20 nT. The ions are isotropic 5 keV protons, the magnetosheath electrons are regarded isotropic with a thermal energy of 70 eV, and the hot magnetospheric electrons are modelled using a 1 keV losscone distribution. The model describing the fallers event is discussed in Stenberg et al. (2005) . In that case the total density is higher and there is no loss cone distribution. Instead, the magnetosheath electrons have a temperature anisotropy. Figure 12 shows that both risers and fallers are possible to explain using these plasma models. Panel A shows the attempt to model the situation in the major event discussed (7 February 2001) . Here the group velocity decreases with frequency above 100 Hz, producing risers in this frequency range. Lower frequencies propagate faster and arrive a head of the higher frequencies. In panel B both the group and phase velocities increase with frequency in the interval 0-200 Hz. Parallel propagating whistlers would in such a plasma evolve into fallers as the high frequencies travel faster.
More work is required to fully understand the dependence of the wave properties on different parameters in the models. Our aim is merely to show that both risers and fallers are possible outcomes of realistic plasma models. The brief investigation show that the behavior of the group velocity is sensitive to the relative temperatures of the two electron components as well as to the width and depth of any loss-cone.
Viewed as a propagation effect, the observed time dispersion is consistent with a picture where the whistler emissions extend great distances along the magnetopause. For instance, consider the riser in panel A of Fig. 11 , where the time difference between waves at 100 and 200 Hz is about a quarter of a second. Furthermore, assume that the group velocities at 100 Hz (v 100 ) and 200 Hz (v 200 ) are given by the the analytical results presented in Fig. 12 . Then, to produce the observed time difference the wave must travel a distance, s, given by s/v 200 −s/v 100 =0.25 s. With v 200 =1.38×10 7 m/s and v 100 =1.44×10 7 m/s, s=12 R E . The numerical result should not be regarded an exact value, but serve as an indication of that the whistler wave emission regions may extend for long distances along the field lines.
The global picture
The whistler mode waves occur on field lines with a mixture of magnetospheric and magnetosheath plasma. Hence, these are, or have recently been, open field lines in order to allow inflow of magnetosheath plasma. Moreover, Stenberg et al. (2005) suggests that the generation of the waves is due to an electron anisotropy, resulting from connecting magnetospheric and magnetosheath field through the magnetopause, i.e., magnetic reconnection. This result agrees also with Vaivads et al. (2007) . However, for both the events considered in this paper a northward interplanetary magnetic field (IMF) is observed. We would therefore expect the major reconnection X-line to be located tailward of the cusp, where the IMF and the magnetospheric field lines are antiparallel. The Cluster spacecraft cross the magnetopause at high latitude sunward of the cusp and should not record any signs of this process. Neither do we observe any clear rotation of the magnetic field in the magnetopause plane, when the Cluster spacecraft pass this boundary minutes after the wave emission encounters. Hence, we can not provide any strong evidence of reconnection southward of the cusp. If such active processes exist at this time, our results suggests they are probably local, patchy and/or intermittent.
Discussion
In a previous paper (Stenberg et al., 2005) we suggest that the whistler waves just inside the magnetopause are generated in thin sheets. Now we are inclined to believe that whistler waves are generated and propagate in tube-like, perhaps even cylindrically symmetric, structures. The generation is located in the center of the tubes. It is not the first time tubelike structures have been found in this region of space. Examples of such spatial structures are discussed in, e.g., Rezeau et al. (1993) , Alexandrova et al. (2004) and Alexandrova et al. (2006) , who study low-frequency Alfvénic activity at the magnetopause and in the magnetosheath respectively.
This study presents evidence of a large amount of tightly packed wave generating tubes in the magnetopause boundary layer. Moreover, the apparent mix of locally generated waves and waves that have propagated substantial distances suggests that a large region of the boundary layer is characterized by such small-scale structures. In Stenberg et al. (2005) it is argued that a whistler generation region provide a direct link to the reconnection diffusion region. The magnetospheric electrons are found to disappear at the same time as the whistlers are observed. From this it is argued that the whistlers are observed on field lines directly connected to a reconnection region, thereby allowing the magnetospheric electrons to escape. The duration of a single generation region in the present paper is too short to allow us to study the electrons in such detail. However, the event is in other respects very similar to that studied in Stenberg et al. (2005) . Hence, a speculation is that also in the present case the whistlers are observed on field lines directly connected to diffusion regions at the magnetopause. In that case, the tube-like emission structures found indicate a patchy and/or intermittent reconnection geometry. We note, however, that there are no global signs of reconnection processes sunward of the cusp. Bursty whistler-mode waves observed by the Polar spacecraft in the outer cusp have also been suggested to originate from a diffusion region (Pickett, et al., 2001) .
Another interesting question is the small perpendicular size of the whistler wave elements. Observations as well as simulations show that magnetic field and density perturbations often correlate with whistler mode activity, (Moullard, 2002; Eliasson and Shukla, 2005a) . Enhancements or cavities duct whistler waves along the ambient magnetic field. In our case we do not observe any field or density fluctuations correlating with the individual wave elements but the situation, especially for the February 7-event, is complicated with overlapping wave regions. Thus, we cannot rule out this explanation.
We also lack the full explanation of the step-like magnetic field structures observed within the waves. They are observed in or close to regions where the waves are generated and where the waves are most intense, although the intensity is not extraordinary. It is known that whistler mode waves can be subject to linear or non-linear self-focusing, (Eliasson and Shukla, 2005b) . One suggestion is then that such a process is responsible for the observed phenomena.
Summary of conclusions
The focus of this paper is whistler mode waves observed close to the magnetopause in the boundary layer on the magnetospheric side of the boundary. In a time-frequency spectrogram the waves appear as stripes, narrow in time and broader in frequency. With the help of the four-spacecraft mission Cluster we are able to determine both the threedimensional size of the wave emissions and their internal structure. The main conclusions are summarized below:
-The whistler mode waves are observed in tube-like structures in space, extending a long way along the field lines (see below) but limited to about an ion inertial length (or less) in the perpendicular direction.
-Some of the whistler wave elements are non-dispersive. An investigation of the wave vector direction reveals a sudden and distinct change of the azimuthal component in the middle of such emission elements. We argue that these are regions, where waves are generated. As a consequence, plasma of the boundary layer is organized in tubes, which favor whistler wave generation.
-Within the presumed locally generated whistler waves we detect ion-scale current structures, that propagate with the whistler wave group velocity in the same direction as the waves. The amplitude of the current structures is comparable to the whistler wave amplitude.
-Other whistler emission elements are clearly dispersive. They manifest themselves as risers or as fallers. Using simple plasma models we conclude that it is possible to explain both cases as a propagation effect. This allows us to estimate the extension of the emissions along the ambient field. We find that the whistler waves propagate at least 10 R E .
-The large amount of detected generation regions (identified as non-dispersive emission elements) indicates a high density of the tube-like structures in the plasma. Referring to Stenberg et al. (2005) , where a whistler generation region is believed to couple directly to the reconnection site, we speculate that the observed pattern of tube-like regions reflects ongoing intermittent and/or patchy reconnection.
